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The  main  objective  of  this  program  during  the  final  reporting  period  was  to  j 
investigate  the  fatigue  behavior  of  a  [02/90/±45]g  AS/3501-5A  Gr/Ep  laminate 
through  proof  testing.  The  primary  emphasis  was  on  the  delineation  of  the 
effect  of  proof  test  on  the  residual  strength  and  life,  the  establishment  of 
strength- life  relations,  and  the  identification  of  sources  of  scatter  in 
strength  and  life.  The  test  program  consisted  of  static  tests,  —  ..  .  J . 
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'tension-tension  fatigue  tests  preceded  by  proof  tests,  and  examinations  of 
failure  characteristics.  Major  findings  can  be  summarized  as  follows: 

(1)  Proof  tests  have  little  effect  on  the  residual  strength  and  life; 

(2)  A  relation  exists  between  strength  and  life  such  that  a  statically 
stronger  specimen  has  a  longer  life;  (3)  A  minimum  life  can  be  assured  by  a 
proof  test;  (4]  A  higher  modulus  is  an  indication  of  a  higher  strength  and 
longer  life;  (5)  What  distinguishes  a  typical  static  failure  mode  from  a 
typical  fatigue  failure  mode  is  the  lack  of  delamination  in  the  former; 

(6)  At  a  moderate  fatigue  stress,  the  failure  mode  changes  from  a  static 
failure  mode  to  a  typical  fatigue  failure  mode  around  20,000  cycles;  and 

(7)  A  delamination  surface  consists  of  shiny  and  dull  areas.  The  shiny  area 
has  bare  fibers  whereas  the  dull  area  only  has  fiber  traces  in  the  epoxy. 
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was  Dr.  S.  W.  Tsai  of  the  Mechanics  and  Surface  Interactions  Branch, 
Nonmetallic  Material^  Division,  Materials  Laboratory,  Air  Force  Wright 
Aeronautical  Laboratories,  Wright-Patterson  AFB,  Ohio.  For  the  period 
of  2  May  1977  to  31  August  1979,  Dr.  J.  L.  Kardos  and  Mr.  N.  Q.  Nguyen 
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SECTION  I 
INTRODUCTION 

For  most  materials  the  failure  properties  such  as  strength  and 
lifetime  exhibit  more  scatter  than  other  properties.  The  reason  is 
known  to  be  that  these  failure  properties  are  sensitive  to  local 
defects  which  vary  significantly  from  element  to  element  even  though 
all  the  elements  are  made  of  the  same  material  under  the  same 
manufacturing  condition.  Within  the  general  framework  of  reliability, 
such  elements  are  called  similar  [1], 

Composite  materials  are  no  exception.  Interestingly,  however, 
several  investigations  [2-7]  have  shown  a  possible  existence  of  a 
relationship  between  static  strength  and  life.  The  relationship  is 
such  that,  among  the  similar  elements,  a  stronger  element  also  has  a 
longer  life. 

The  strength-life  relationship,  once  proven,  will  no  doubt  be 
very  helpful  in  proof  testing  of  composite  structures  because  one  can 
then  provide  a  certain  degree  of  assurance  as  not  only  to  the  inherent 
strength  of  the  structures  but  also  to  the  expected  lifetime.  Aside 
from  these  practical  benefits,  an  investigation  on  such  relationship 
will  lead  to  a  better  understanding  of  the  fatigue  failure  mechanisms 
and  of  the  variability  of  fatigue  life  in  composites. 
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The  main  objective  of  the  present  program  was  thus  to  investigate 
the  fatigue  behavior  of  a  graphite/epoxy  laminate  through  proof 
testing.  In  particular,  the  effect  of  proof  test  on  both  the  sub¬ 
sequent  strength  and  the  subsequent  life  was  to  be  delineated,  and  the 
appropriate  strength-life  relationships  were  to  be  established.  Also 
to  be  identified  were  the  sources  of  the  scatter  in  fatigue  life. 

In  general  terms,  proof  testing  is  a  procedure  to  assess  the 
structural  integrity  of  a  structure  by  loading  it  to  a  predetermined 
level,  called  the  proof  stress.  One  obvious  application  of  proof 
testing  is  to  ascertain  a  lower  bound  strength  of  a  specimen;  if  the 
specimen  survives  the  proof  test,  its  strength  is  definitely  larger 
than  the  proof  stress  applied.  The  corresponding  lower  bound  life 
under  a  given  load  history  is  then  the  least  of  the  lives  of  those 
specimens  that  survive  the  proof  test.  If  there  is  a  unique  relation¬ 
ship  between  strength  and  life,  then  this  lower  bound  life  can  be 
predicted. 

In  multidirectional  composite  laminates,  the  final  failure  under 
a  tensile  loading  is  invariably  preceded  by  failures  of  weaker  plies 
>id,  depending  on  the  stacking  sequence,  delamination  [8-14].  If  the 
proof  stress  is  higher  than  the  first  ply- failure  stress,  some  of  the 
weeker  plies  will  fail  during  the  proof  test.  The  question  is  then 
what  is  the  effect  of  the  damage  induced  by  proof  test  on  the 
subsequent  mechanical  properties,  in  particular,  strength  and  life. 

The  effect  of  proof  test  on  the  subsequent  strength  was  found  to 
be  negligible  for  a  unidirectional  Gr/Ep  laminate  in  Reference  [6]. 
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Such  conclusion  is  certainly  related  to  the  so-called  Kaiser  effect 
in  acoustic  emission  behavior  of  composites.  That  is,  the  detectable 
acoustic  emission  activities  during  reloading  of  a  composite  are 
negligible  until  the  maximum  previously  applied  stress  is  exceeded 
[15-17],  Since  the  acoustic  emission  is  an  indication  of  damage 
occurring,  the  Kaiser  effect  can  be  taken  as  a  manifestation  of  the 
extent  of  damage  depending  only  on  the  maximum  previously  applied 
stress . 

In  multidirectional  laminates  much  of  the  subcritical  damage  occurs 
in  the  matrix  and  interface  whose  properties  are  time-dependent. 
Therefore,  acoustic  emission  can  start  at  a  stress  lower  thai'i  the 
maximum  previously  applied  stress,  the  difference  increasing  with  the 
latter.  Since  this  is  an  indication  of  an  additional  damage,  the 
corresponding  strength  can  be  different  from  the  initial  one.  Thus, 
it  still  remains  to  be  seen  how  high  a  proof  stress  can  be  without 
aftecting  the  subsequent  strength. 

Of  much  more  importance  is  the  effect  of  proof  test-induced 
damage  on  the  subsequent  life  under  a  given  load  history.  As  an 
example,  consider  a  constant-amplitude  fatigue.  If  the  proof  stress 
is  higher  than  the  fatigue  stress,  the  resulting  damage  will  be  larger 
than  would  be  after  a  first  cycle  of  fatigue  without  the  proof  test. 

The  larger  subcritical  damage  does  not  necessarily  lead  to  a 
shorter  fatigue  life.  To  illustrate  this  point,  consider  the  damage  to 
be  the  cracks  in  the  90-deg  plies  of  a  [0/50]^  laminate.  After  a 
proof  test  above  the  fatigue  stress,  there  will  be  more  cracks  in  the 
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i'O-deg  plies  than  after  a  first  cycle  of  fatigue  without  the  proof 
test.  When  there  are  more  cracks,  the  average  stress  in  the  90-deg 
plies  will  be  lower  and  hence,  it  will  take  longer  for  these  plies  to 
fail  again.  However,  without  the  proof  test  the  average  stress  in  the 
90-deg  plies  will  be  higher  because  there  is  less  stress  relief  by 
cracking  of  the  plies.  Therefore,  it  is  possible  that  without  the 
proof  test  more  cracks  can  be  formed  in  time  in  the  90-deg  plies. 

Turning  now  to  the  stress  concentrations  on  the  0-deg  plies  at 
cracks  in  the  90-deg  plies,  we  observe  that  after  a  proof  test  there 
are  more  stress  raisers,  but  of  lower  magnitude.  At  present,  it  is 
not  clear  whether  or  not  many  stress  raisers  of  lower  magnitude  are 
more  deleterious  than  a  few  stress  raisers  of  higher  magnitude. 

In  this  report  we  attempt  to  answer  some  of  the  questions  raised 
in  the  foregoing  discussions  by  analyzing  the  pertinent  experimental 
data.  In  particular,  we  delineate  the  effects  of  proof  test  on  the 
subsequent  strength  and  life.  Then,  we  investigate  strength-life 
relationships  at  two  different  fatigue  stress  levels.  We  explore 
the  possibility  of  using  the  initial  modulus  as  a  measure  of  structural 
integrity,  and  establish  a  correlation  between  life  and  final  failure 
mode.  Also,  the  effects  of  gripping  on  the  strength  and  life  are 
looked  into.  Finally,  some  of  the  failure  surfaces  are  examined 
through  the  Scanning  Flectron  Microscope  (SF.M). 


SECTION  I I 


EXPERIMENTAL  PROCEDURE 

1 .  MATERIAL 

The  composite  used  in  the  program  was  [02/90/^4S]^  AS/3501-5A 
laminate.  The  standard  cure  cycle  with  the  exception  of  the  post 
cure  was  employed  to  fabricate  610  mm  x  610  mm  plates  by  the  University 
of  Dayton  Research  Institute.  The  average  fiber  volume  content  was 
66%.  Further  details  on  the  physical  properties  of  the  laminates  can 
be  found  in  Reference  [18].  Panels  10  through  12  were  fabricated  in 
1977  whereas  panel  A  was  additionally  fabricated  in  1979. 

2.  SPECIMEN  GEOMETRY 

Specimens  were  12  mm  wide  and  150  mm  long  with  76  mm  of  gage 
section.  Woven  glass/epoxy  sheets,  1.6  mm  thick  were  used  as  end  tabs. 
Each  specimen  was  divided  into  5  zones  of  equal  length  to  identify 
failure  location,  as  shown  in  Figure  1.  Zone  E  was  next  to  the  moving 
grip. 

A  few  specimens  were  made  twice  as  wide  but  of  the  same  length. 
These  specimens  were  used  to  study  the  effect  of  width  on  strength. 
TEST  METHODS 

All  mechanical  tests  were  done  on  an  MTS  machine.  The  loading 
rate  in  static  and  proof  tests  was  100  N/s.  Fatigue  tests  were 
performed  at  the  stress  ratio  R  of  0.1  and  the  frequency  f  cf  5  Hz. 

A  sinusoidal  wave  form  was  used. 
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In  proof  testing  specimens  were  loaded  to  a  predetermined  stress 
level  and  then  unloaded.  The  proof  stress  levels  chosen  were  0.87  X 
and  0.95  X  where  X  is  the  average  static  strength.  In  fatigue,  an 
additional  proof  stress  was  chosen;  the  fatigue  stress  itself. 

During  each  proof  test  the  axial  strain  was  measured  using  an 
extensometer.  After  a  proof  test,  specimens  were  tested  either  for 
residual  strength  or  in  fatigue  until  failure  or  10^  cycles  whichever 
was  earlier.  The  test  matrix  employed  in  the  present  program  is  shown 
in  Table  1,  where  is  the  proof  stress  and  S  is  the  (maximum)  fatigue 
stress.  Fatigue  tests  at  S/X  =  0.60,  0.87  and  0.925  were  carried  out 
after  proof  tests  to  the  respective  fatigue  stresses  only. 

Final  failure  modes  were  examined  visually,  and  on  a  Scanning 
Electron  Microscope  (SEM)  on  a  selective  basis.  A  few  specimens  had 
one  of  the  edges  polished  to  monitor  ply  failures.  Fatigue  tests  of 
these  specimens  were  carried  out  intermittently  to  allow  examinations 
of  the  edges  on  a  microscope. 


TABLE  1 


test  matrix 


Panel  No. 


1  n 

ll" 

12 

A 

Test  Senes 

Strength 

<  V  b 

Proof  Stress 

0 

0 

0 

0 

0.87 

- 

- 

■ 

0.95 

- 

- 

- 

Fatigue 

Fatigue  Stress  S/X 

0.80 

0.70 

0.87 

0,60 

- 

- 

0.925 

Proof  Stress  a  /X 

0.80 

0.70 

0.87 

0.60 

P 

0.87 

0.87 

- 

0.925 

0.95 

0.95 

- 

- 

®[02/90/±/t4S/902/0] 

is  the  average  strength  of  each  panel. 
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SECTION  III 


RESULTS  AND  DISCUSSIONS 


1.  STRENGTH  AND  LIFE  DISTRIBUTIONS 

The  raw  strength  data  are  listed  in  Appendix  A,  These  data  are 
fit  by  a  two-parametei  Weibull  distribution  of  the  form 


X  ^s 

R^(X)  =  exp  [-  (^)  1 

o 


(1} 


The  shape  parameter  and  the  characteristic  strength  can  be 
determined  by  the  method  of  maximum  likelihood  [19],  The  requisite 
equations  are 

m 


EX.  "Jin  X. 

,  .  ,  1  1  ,  m 

1_  =  -J_=i - _  i  E  iln  X. 

“s  “s  i=l 


(2) 


,  m  a 
i  E  X.  ^ 
"•  i=l  " 


1/a 


(3) 


In  the  above  equations,  X^^  are  the  experimental  data  and  m  is  the  total 
number  of  samples. 

Table  2  lists  the  values  of  a  and  X  for  the  strength  distributions 

so 

of  the  panels  used.  There  is  little  difference  in  and  X^  between 


TABLE  2 


MECHANICAL  PROPERTIES  OF  PANELS 


Panel  No. 

10 

11 

12 

A 

No.  of  Sandies 

20 

20 

8 

20 

Ultimate  Stress 

“s 

19.08 

00 

30.94 

21.45 

MPa 

811.97 

629.48 

796.49 

806.93 

Average  X,  MPa 

789.67 

609.09 

781.96 

788.11 

C.  V.,  % 

6.24 

7.23 

4.34 

5.21 

Ultimate  Strain 

Average,  mm/m 

11.24 

10.71 

11.33 

11.32 

C,  V.,  % 

7.21 

8.33 

3.46 

5.43 

Modulus 

Average  E,  GPa 

68.36 

57.23 

69.44 

69.74 

C.  V. ,  % 

6.03 

4.54 

2.64 

4.86 

panels  10  and  A.  Since  panel  12  vras  used  in  Reference  [18],  only 
8  specimens  were  tested  from  this  panel .  Although  the  present  data 
gives  the  highest  ot^  for  panel  12,  the  earlier  data  of  Reference  [18] 
yielded  an  comparable  to  those  of  panels  10  and  A.  Furthermore, 
the  characteristic  strength  does  not  vary  much  amongst  those  three 
panels.  The  lack  of  panel-to-panel  variability  can  also  be  seen 
from  the  ultimate  strain  and  modulus  data  in  Table  2. 

Panel  11  has  a  lower  shape  parameter  and  a  lower  characteristic 
strength.  A  microscopic  examination  of  this  panel  revealed  that  the 
actual  layup  was  [02/90/±45/?45/902/0]  rather  than  the  intended  one  of 
[02/90/145]^.  Although  this  panel  has  only  three  0-deg  plies  compared 
to  four  in  the  other  panels,  its  characteristic  strength  is  higher 
than  three- fourths  the  average  characteristic  strength  of  the  other 
three  panels.  Therefore,  this  panel  11  was  also  included  in  the  test 
series. 

The  static  strength  distributions  are  shown  in  Figure  2.  For  the 
experimental  data  the  median  rank  was  used  to  represent  the  probability 
of  survival,  i.e,, 


n/’v\  -I  i-0.3 
R  (X.)  =  1  -  — 
s^  i  m+0.4 


(4) 


Note  that  now  is  the  i-th  strength,  not  an  arbitrary  strength  as  in 
Equations  [2)  and  (3) . 

The  fatigue  life  data  at  the  five  different  stress  levels  are 
shown  in  Figure  3.  The  corresponding  numerical  data  can  be  found  in 
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Figure  2b,  Static  Strength  Distributions:  Panels  12  and  A. 


2  FAILURES 


Appendix  B.  Note  that  these  fatigue  tests  were  preceded  by  a  proof 
test  to  each  maximum  fatigue  stress. 


The  fatigue  data  are  again  fit  by  a  two-parameter  WeibuH 
distribution: 

a. 


Rj(N)  =  exp 


-  C-)  ^ 

''N  ■' 
o 


C5) 


The  equations  for  the  shape  parameter  a^.  and  the  characteristic 
lifetime  are  slightly  different  from  Equations  (2)  and  (3)  because 
some  specimens  survived  10^  cycles  at  which  testing  was  stopped.  In 
terms  of  the  run-out  cycles  and  the  nunber  of  failures  r,  they  are 


r 

Z  fi,  «,n  N.  +  {m-D  R-n 

1  r  T.r 

i_  =  ifi - i  Z  in  N.  (6) 

r  Up  Of  *•  .  ,  1  ^ 


Z  N. 
i=l  " 


(m-r)  N 


N  = 
o 


i  E  N.  +  (m-r) 
i=l 


1/a, 


(7) 


The  parameters  a^  and  at  the  fatigue  stresses  of  0.70  X, 

0.80  X  and  0.87  X,  are  listed  in  Table  5.  At  0.925  X  these  parameters 
were  not  determined  because  two  specimens  failed  during  proof  tests  as 
would  be  expected  from  the  static  strength  distribution.  In  such  case. 
Equation  (5)  must  be  modified.  One  candidate  distribution  is  [11] 
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TABLE  3 


fatigue  life  parameters 


Fatigue  Stress, 
S/X 

Total  No. 
of  Specimens 

No.  of 
Failures 

“f 

N 

0 

0.60 

10 

0 

- 

■ 

0.70 

20 

18 

1.504 

473,483 

0.80 

20 

20 

0.882 

167,052 

0.87 

20 

20 

0.819 

60,030 

0.925 

20 

20 

• 
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R^(N)  =  exp 


(8) 


] 

the  limiting  condition  that 

(9) 

compared  in  Figures  4  and  5 
with  those  for  quasi-isotropic  laminates  of  References  [7,20].  These 
laminates  are  [0/90A45]^  TZOO/5208  in  Reference  [7]  and  [45/C90/-45)^/ 
0/45/0]^  T300/934  in  Reference  [20].  The  results  of  Reference  [20] 
are  based  on  the  data  from  Reference  [21].  Note  that,  in  all  cases, 
is  larger  at  lower  stresses.  In  fact,  the  same  trend  was  observed 
in  the  stress-rupture  data  for  glass/epoxy  and  Kevlar  49/epoxy  strands 
[22].  For  the  present  laminate  tne  characteristic  life  is  seen  to 
increase  more  slowly  as  the  fatigue  stress  is  lowered.  However,  it 
should  be  noted  that  all  ten  specimens  tested  at  0.60  X  survived  10^ 
cycles. 

The  fatigue  life  distributions  are  shovm  in  Figure  6.  Again,  the 
two-parameter  Weibull  distribution.  Equation  (5),  can  describe  the 
life  data  very  well. 

2.  EFFECT  OF  PROOF  TEST  ON  STRENGTH 

From  panel  10,  twenty  specimens  were  proof-tested  to  0.87  X,  md 
twenty-five  specimens  to  0.95  X.  None  of  the  specimens  failed  during 
the  proof  test  to  0.87  X.  However,  seven  specimens  failed  before 
reaching  0.95  X.  The  respective  numbers  of  failures  can  be  calculated 
from  the  strength  distribution  (1)  and  the  median  rank  (4)  as  follows: 


-[ 


'X  ■'  N 

o  o  J 


The  foregoing  equation  correctly  satisfies 


Rf(0)  =  R^(S) 


The  present  parameters  in  Table  3  are 
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Effect  of  Fatigue  Stress  on  Shape  Parameter 


Figure  6a.  Life  Distributions: 


Figure  6b.  Life  Distributions; 


Number  of  failures  to  0.87  X  =  1.1 
Number  of  failures  to  0.95  X  =  5.3 
Thus,  the  prediction  is  higher  for  0.87  X  and  lower  for  0.95  X. 

The  post-proof  strength  data,  listed  in  Appendix  C,  are  compared 
with  the  initial  strength  distribution  in  Figure  7.  After  proof  test 
to  0.87  X  the  residual  strengths  are  slightly  higher  than  the  initial 
strengths,  in  the  lower  strength  region.  However,  an  opposite  trend 
is  observed  in  the  higher  strength  region.  When  the  proof  stress 
is  0.95  X,  the  residual  strengths  are  consistently  lower  than  the 
initial  strengths,  although  the  difference  is  rather  small. 

It  should  be  noted  that  in  both  cases  the  lowest  residual 
strengths  are  higher  than  the  respective  proof  stresses.  This 
observation  is  in  contrast  to  the  results  reported  in  Reference  [7] 
where  some  of  the  residual  strengths  were  lower  than  the  proof 
stresses. 

In  light  of  the  foregoing  observations  we  can  conclude  that  the 
proof  tests  employed  in  the  present  program  have  little  effect  on  the 
residual  strength. 

3.  EFFECT  OF  PROOF  TEST  ON  LIFE 

In  this  test  series  specimens  were  first  proof-tested  to  a 
predetermined  stress  level  and  then  fatigued  to  failure  or  10^  cycles 
whichever  occurred  earlier.  The  appropriate  stress  levels  and  the 
corresponding  numbers  of  specimens  are  listed  in  Table  4. 

The  actual  number  of  failures  during  each  proof  test  is  comparable 
to  those  predicted  from  Equations  (1)  and  (4),  as  shown  in  Table  4. 
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STATIC  STRENGTH,  MPa 


Figure  7.  Effect  of  Proof  Test  on  Strength 


TABLE  4 


Fatigue_ 

Stress/X 

0.7 


0.8 


FAILURE  DURING  PROOF  TEST 


Proof  _ 

Number  of 

Stress/X 

Speci;nens 

0.87 

20 

0.95 

20 

0.87 

21 

0.95 

20 

Number  of 
Failures  During 
Proof  Test 

1 

5 

1 

5 


Calculated  No. 
of  Failures  During 
Proof  Test 

1.8 

5.4 

1.2 

4.3 
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Since  the  same  panel  10  was  used  for  both  Section  3.2  and  the  fatigue 

stress  of  0.8  X  in  Table  4,  we  can  combine  the  two  sets  of  data  to  get 

the  total  numbers  of  failures.  At  =  0.87,  the  actual  number  of 

failures  is  1  out  of  41  while  the  predicted  is  2.0.  At  a  /X  =  O.S'" 

P 

there  are  more  failures  than  predicted;  12  compared  to  9.3  out  of  41.. 

The  residual  lives  after  proof  test,  listed  in  Appendix  D.  are 
conpared  with  the  initial  lives  in  Figures  8  and  9.  At  S/Y  =  0.70, 
proof  tests  to  higher  than  the  fatigue  stress  result  in  longer 
residual  lives.  At  the  higher  fatigue  stress  of  0.80  Y,  however,  the 
residual  lives  are  reduced  by  the  proof  tests  especially  in  the 
shorter  life  region. 

The  two  sets  of  data  in  Figures  8  and  9  are  also  contradictory 
to  each  other  as  regards  the  effect  of  the  proof  stress  level.  In 
Figure  8,  the  higher  proof  stress  seems  more  deleterious;  however, 
quite  the  opposite  is  observed  in  Figure  9.  Therefore,  it  is 
possible  that  the  differences  between  the  initial  life  data  and  the 
residual  life  data  are  the  result  of  sampling  variation. 

4.  STRENGTH-LIFE  RELATIONS 

Recent  investigations  [2-7]  suggested  the  existence  of  a  relation¬ 
ship  between  strength  and  life  for  composite  laminates.  The  possibility 
of  such  a  relationship  is  investigated  in  the  present  section. 

Consider  the  set  of  ordered  strengths  (X^;  i=l,  2,  ....  m}  and  the 
set  of  ordered  lives  fN^;  i=l,  2,  ....  m)  at  a  fatigue  stress.  The 
fatigue  stress  is  low  enough  so  that  no  failure  occurs  in  proof  test  to 
this  level.  If  strength  is  related  to  life  such  that  a  statically 
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stronger  specinen  has  a  longer  life,  the  strength-life  relationship 
is  represented  by  the  set  of  pairs  {(X^,  i=l,  2,  m} .  Such 

relationship  is  shown  in  Figure  10  for  S/X  =  0.70  and  in  Figure  11  for 
S/X  =  0.80.  Also  shown  in  the  figures  at  the  ordinates  equal  to  the 
proof  stress  levels  are  the  residual  life  data. 

Suppose  a  specimen  survives  a  proof  test  to  a  stress  a^.  Its 
strength  is  then  higher  than  a^.  If  the  strength-life  relation  is 
as  shovm  in,  say.  Figure  10  at  S/X  =  0.70,  the  life  of  the  specimen 
should  not  be  shorter  than  the  life  corresponding  to  on  the 
ordinate  as  long  as  the  proof  test  does  not  cause  any  critical  damage. 
Since  the  effect  of  proof  test  has  already  been  found  to  be 


negligible  in  Section  3,3,  the  residual  life  data  plotted  at  Op/X  =  0.87 
and  0.95  can  be  taken  as  a  proof  for  the  hypothesized  strength- life 
relation  to  be  a  real  one.  The  same  conclusion  can  be  dravm  from 
Figure  11  for  the  fatigue  stress  of  0.80  X. 

Analytically,  the  strength-life  relations  can  be  obtained  from 
Equations  (1)  and  (S)  by  noting  that  a  strength  in  the  strength 
population  is  paired  with  the  life  of  the  same  rank  in  the  life 
population.  That  is, 


As  remarked  ear’ier.  Equation  (5)  is  valid  if  the  fatigue  stress 
is  so  low  that  the  static  failures  up  to  this  stress  are  negligiole. 
ntherwise.  Equation  (8)  must  be  used  in  lieu  of  Equation  (10^.  The 
new  equation  is  thus 


X 


N 


“s/“f 

"  w 

o  o 


af/a^ 


C121 


Note  that  Equation  (12)  correctly  suggests  that  only  those  strengths 
higher  than  the  fatigue  stress  can  be  related  to  the  life  data. 

In  the  present  case,  Equation  (11)  can  be  used;  it  is  shown  in 
Figures  10  and  11  for  S/X  =  0.70  and  0.80,  respectively.  The  actual 
minimum  residual  lives  are  very  close  to  the  predicted  values  except 
at  S/X  =  0.70  and  o^/X  =  0.87  where  the  prediction  is  quite  conservative. 

References  [3, 4, 6, 7]  report  a  number  of  premature  failures  before 
reaching  the  minimum  lifetimes  guaranteed  by  proof  tests.  Figures  10 
and  11,  however,  show  no  noticeable  premature  failures. 

5.  MODULUS-STRENCTH  AND  -LIFE  CORRELATIONS 

Figure  12  shows  stress-strain  relations  for  a  specimen  from 
panel  11.  The  strains  were  measured  with  strain  gages.  Note  that 
the  axial  strain  is  quite  linear  up  to  failure  while  the  lateral 
(Poisson)  strain  shows  a  slight  nonlinearity. 

During  each  proof  test  the  axial  strain  was  measured  with  an 
extensometer.  As  with  a  strain  gage  in  Figure  12,  the  axial  strains 
were  quite  linear.  Therefore,  the  corresponding  axial  modulus  was 
simply  calculated  as  the  ratio  of  the  proof  stress  to  the  corresponding 
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LATERAL 
STRAIN  (-) 


strain  measured.  The  modulus  data  are  included  in  Appendices  A 
through  n. 

Figure  13  shows  the  moduli  versus  the  static  strengths  for 
panels  10,  11,  12  and  A.  A  better  correlation  beU'een  the  modulus  and 
strength  is  seen  for  panels  11  and  A.  Yet,  there  is  a  definite  trend 
that  a  higher  modulus  is  an  indication  of  a  higher  strength  in  all  the 
panels. 

Surprisingly,  a  better  correlation  is  seen  between  the  modulus 
and  life.  Figure  14,  regardless  of  the  fatigue  and  proof  stress  levels. 
The  combined  results  of  Figures  13  and  14  give  additional  credence  to 
the  strength- life  relations  discussed  in  Section  3.4. 

It  is  plausible  to  assume  that  a  higher  modulus  is  a  manifestation 
of  a  higher  fiber  volume  content.  Therefore,  one  can  justifiably 
expect  that  a  specimen  with  higher  modulus  will  have  a  higher  strength 
and  longer  fatigue  life. 

6.  LIFE-FAILURE  MODE  CORRELATION 

A  typical  static  fai lure  mode  in  Figure  15  is  characterized  by  a 
relative  lack  of  delamination  except  very  near  the  fracture  site.  In 
fatigue,  however,  extensive  delamination  is  usually  observed  between 
plies  with  different  orientations.  Figure  16.  Nk)st  frequent  delamination 
is  either  between  the  0-deg  and  90-deg  plies  or  between  the  90-deg  and 
45-deg  plies.  However,  the  +45-deg  plies  can  also  be  separated  from 
the  -45-deg  plies  as  shown  in  Figure  17. 

To  investigate  when  the  final  failure  mode  changes  from  a  static 
one  to  one  of  a  typical  fatigue  failure,  each  failed  specimen  was 
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Figure  14b.  Modulus-Life  Correlations:  S/X  =  0.80 


37 


examined  as  to  the  severity  of  delamination.  The  results  are  shovm 
in  Figures  18  through  20. 

At  S/X  =  0.?0,  Figure  18,  all  specimens  except  only  a  few  showed 
extensive  delamination.  One  specimen  which  retained  about  30%  of  the 
static  failure  mode  is  shown  in  Figure  21.  However,  most  specimens, 
when  failed,  looked  like  those  in  Figure  22.  The  typical  delamination 
before  final  failure  is  shown  in  Figure  23.  In  some  specimens, 
delamination  was  coupled  with  longitudinal  cracks  in  the  0-deg  plies 
as  shown  in  Figure  24.  Note  that,  if  delamination  occurs  between  a 
90-deg  ply  and  the  neighboring  45-deg  ply,  the  0-deg  plies  will  be 
subjected  to  a  transverse  tension-tension  fatigue  because  of  the 
mismatch  in  Poisson's  ratio  between  the  0-deg  and  90-deg  plies. 

The  most  interesting  change  in  the  final  failure  mode  occurs 
at  the  fatigue  stress  of  0.80  T,  Figure  19.  Here,  if  a  specimen 
fails  before  about  20,000  cycles,  its  final  failure  mode  is  more  like 
a  static  failure.  However,  if  a  specimen  survives  this  threshold 
number  of  cycles,  it  undergoes  extensive  delamination  before  the  final 
failure.  In  Figure  25,  the  specimen  on  the  left-hand  side  shows  a 
100%  fatigue  failure  mode  while  the  other  one  shows  only  40%  of  the 
fatigue  failure  mode. 

At  S/X  =  0.87,  the  final  failure  mode  changes  over  a  wide  region, 
Figure  20,  Furthermore,  no  fatigue  failure  looked  exactly  like  a 
static  failure.  Figure  26  shows  two  types  of  failure  modes:  100% 
fatigue  failure  on  the  left  and  60%  fatigue  failure  on  the  right. 


42 


\ 


% 


Figure  21.  Fiitiguc  Failure  Showing  .SOI.  Static  Failure  Mode 
S'K  =  0.20,  M  '  107,3S7  cycles. 
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Figure  23.  Delaniination.s  in  Run-Out  Specimens  at  S/X  =  0. 
o  /X  -  0.95  for  ll-l)-1.3  and  ll-C-20. 
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Figure  25.  Failure  Modes  ac  S/X  =0.8  and  o  /X 

P  _ 

N  =  315,8.55  cycles  for  lO-G-6;  a^/X 
N  =  21,966  cycles  for  10-A-ll. 
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Figure  26, 


Failure  Modes  at  S/X  =0.87:  N  =  49.311  cycles  for 
12-0-11;  N  =  2,967  cycles  for  12-0-28. 


The  fatigue  stress  of  0.925  X  is  perhaps  too  high  to  allow  any 
static  failure  mode.  Figure  20.  At  this  stress  level  delamination 
occurs  within  a  few  hundred  cycles,  and  hence  all  fatigue  failures 
showed  delamination. 

As  is  clear  by  now,  there  is  no  monotonic  change  of  the  average 
failure  mode  with  the  fatigue  stress.  If  the  fatigue  stress  is  either 
high  (0.925  X)  or  low  (0.70  X),  much  delamination  occurs  before  the 
final  failure.  At  the  fatigue  stresses  between  these  two  extremes, 
specimens  can  fail  either  before  or  after  the  development  of  full 
delamination.  Early  failures  retain  the  typical  static  failure  mode, 
and  full  delamination  is  observed  only  in  those  specimens  with  long 
lives . 

7.  EFFECT  OF  FAILURE  ZONE  ON  STRENGTH  AND  LIFE 

If  many  of  the  lower  strengths  or  the  shorter  lives  are  the 
result  of  gripping,  then  a  proper  care  should  be  exercised  to  minimize 
the  effect  of  gripping.  However,  the  use  of  glass/epoxy  tabs  seems 
sufficient  to  avoid  any  grip-related  premature  failures. 

Figure  27  shows  static  strengths  versus  the  corresponding 
failure  zones  for  all  four  panels.  Zone  A  is  next  to  the  upper  grip 
of  the  MTS  machine  and  zone  E  adjoins  the  moving,  lower  grip.  No 
significant  correlation  can  be  drawn  from  the  data  in  the  figure. 

A  correlation  between  fatigue  life  and  failure  zone  is  shown  in 
Figure  28  at  each  of  the  four  fatigue  stresses.  Again,  there  does  not 
appear  to  be  any  effect  of  gripping  on  the  fatigue  lives. 
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PANEL  12 


Correlations  Between  Strength  and  Failure  Zone 
(Numbers  indicate  a  /X.) 


Figure  28.  Correlations  Between  I^ife  and  Failure  Zone. 
CNumbers  indicate  o 


8. 


FAILURE  PROCESSES 


The  failure  sequence  of  the  present  laminate  has  been  found  to  be 
essentially  the  same  as  that  of  quasi -isotropic  laminates  [11-14]. 

That  is,  as  the  fatigue  proceeds,  cracks  appear  first  in  the  90-deg 
plies,  next  in  the  +45-deg  plies,  and  finally  in  the  '45-deg  plies. 

As  discussed  earlier,  delamination  frequently  preceded  the  final 
failure.  In  static  tension,  the  sequence  of  ply  failures  was  the  same, 
but  fewer  cracks  were  observed.  Also,  delamination  was  rather  limited. 

The  ply  failures  naturally  depend  on  the  residual  stresses  which 
are  the  result  of  anisotropic  hygrothermal  expansion  behavior  of 
unidirectional  plies.  Since  swelling  negates  the  curing  strains  at 
the  room  temperature,  the  moisture  content  must  be  determined  to 
estimate  the  magnitude  of  the  residual  stresses.  To  this  end,  two 
specimens  were  dried  in  a  vacuum  oven  at  TO'C,  and  the  results  are 
shown  in  Figure  29.  The  moisture  content  in  the  laboratory  environment 
is  seen  to  be  about  0.6%. 

According  to  the  classical  laminate  plated  theory,  the  moisture 
content  of  0.6%  is  not  sufficient  to  render  a  graphite/ epoxy  laminate 
free  of  residual  stresses  [23].  However,  it  has  been  observed  [14,24] 
that  the  first  ply-failure  stress  is  higher  if  the  thickness  of  the 
lumped  90-deg  plies  is  smaller.  Also,  there  may  be  a  stress  relaxation 
resulting  from  a  long  storage  of  the  panels  since  fabrication.  In 
light  of  these  contrasting  observations,  we  assume  the  residual  stresses 
to  be  negligible  in  the  present  laminates. 
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Figure  29.  Results  of  Moisture  Desorption  Tests 


Consequently,  the  first  ply- failure  strain  of  the  laminates 
will  be  almost  equal  to  the  transverse  failure  strain  of  unidirectional 
lamina.  Since  the  latter  is  found  to  be  7  mm/m  from  Reference  [18]  and 
since  the  average  failure  strain  of  the  laminates  is  about  11  mm/m, 
the  first  ply-failure  stress  is  estimated  to  be  7/11  X  or  0.64  X.  In 
reality,  cracking  of  the  90-deg  plies  occurred  between  0.70  X  and 
0.80  X.  At  Op/X  =  0.87  cracks  were  mostly  confined  in  the  90-deg  plies, 
Figure  30.  As  the  proof  stress  was  raised  to  0.9S  X,  cracks  appeared 
in  the  ^  4b-deg  plies  as  well. 

A  typical  fatigue  failure  observed  at  an  edge  is  shown  in 
Figure  31.  Notice  the  cracking  of  all  constituent  plies  and 
delaminations. 

In  general,  delamination  surfaces  consisted  of  two  distinct 
areas:  one  shiny  and  the  other  dull,  see  Figure  16.  SEM  photographs 
of  a  delamination  surface  between  the  0-deg  plies  and  90-deg  ply 
are  shown  in  Figure  32  at  different  magnifications.  Close  examinations 
of  those  pictures  reveal  that  the  shiny  area  has  bare  fibers  on  the 
surface.  Figure  32(c),  while  the  dull  area  only  has  traces  of  fibers 
in  the  epoxy.  Figure  32(d).  Apparently,  the  bare  fibers  act  like 
convex  mirrors,  thereby  producing  a  macroscopically  shiny  surface. 

On  the  other  hand,  the  fiber  traces  are  similar  to  concave  mirrors  and 
limit  the  reflection  of  light.  Note  that,  at  a  magnification  of  80x 
on  an  SEM,  there  is  no  discernible  difference  between  bare  fibers  and 


fiber  traces. 


Figure  30.  Cracks  in  the  90-deg  Plies  After  Prcof  Test  to  0.87  X. 


S8 


Another  observation  to  be  made  of  Figure  32 (a)  is  that  almost  no 
fibers  in  the  0-deg  plies  are  broken  at  distances  away  from  the  final 
failure  location.  In  the  figure  the  horizontal  fibers  are  in  the 
0-deg  plies.  Thus,  the  final  failure  seems  to  be  the  result  of  a 
localized  fracture  of  the  0-deg  plies. 

9.  EFFEa  OF  SPECII-IEN  WIDTH  ON  STRENGTH 

In  the  earlier  phase  of  the  program,  specimens  were  25.4  mm  wide. 

To  study  the  possibility  of  adopting  a  reduced  specimen  width,  we 
tested  a  few  specimens  which  were  only  half  as  wide.  Since  the 
narrow  specimens  yielded  higher  strength,  the  nominal  width  of  12  mm 
was  used  in  the  subsequent  tests. 

Now  at  the  end  of  the  program  we  have  much  more  extensive  data 
on  the  strength  of  the  narrow  specimens.  The  final  results  are  shown 
in  Table  5. 

For  panels  11  and  12,  the  effect  of  specimen  width  on  the  average 
strength  has  been  analyzed  by  using  the  Student  t-test.  It  is  concluded 
with  95%  confidence  that  the  average  strength  of  the  wide  specimens  is 
not  as  high  as  that  of  the  narrow  specimens  for  both  panels. 
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SECTION  IV 


SUM^Y  AND  CONCLUSIONS 

The  fatigue  behavior  of  a  [02/90^45]^  AS/3501-5A  laminate 
has  been  investigated  through  proof  testing.  The  fatigue  loading 
was  sinusoidal  with  the  stress  ratio  of  0.1  and  the  frequency  of 
5  Hz.  The  proof  stresses  chosen  were  0.87  X  and  0.95  X  where  X  is 
the  average  static  strength.  In  fatigue,  an  additional  proof  stress 
was  chosen:  the  maximum  fatigue  stress  itself.  The  effect  of  proof 
stress  on  life  was  studied  at  the  fatigue  stresses  of  0.70  X  and 
0.80  X.  Additional  fatigue  tests  were  carried  out  at  0.60  X, 

0.87  X  and  0.925  X.  The  following  conclusions  can  be  drawn  from 
the  present  study. 

1.  The  shape  parameter  for  life  distribution  decreases  with 
increasing  fatigue  stress.  The  stress- logarithmic  characteristic 
life  relation  is  quite  linear  down  to  0.70  X.  All  specimens  tested 
at  0.60  X  survived  10^  cycles. 

2.  The  proof  tests  have  little  effect  on  both  residual  strength 
and  residual  life  after  proof  test.  The  residual  strength  and  life 
distributions  are  comparable  to  the  respective  initial  distributions. 

3.  Strength-life  relations  were  established  at  the  fatigue 
stresses  of  0.70  X  and  0.80  X.  These  relations  were  verified  by 
proof  testing.  Thus,  a  minimum  fatigue  life  can  be  assured  by  a 
proof  test. 
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4.  A  higher  modulus  is  very  likely  to  be  an  indication  of  a 
higher  strength  and  a  longer  life.  Since  the  modulus  is  rather 
related  to  the  fiber  volume  content  than  to  local  defects,  it  is 
concluded  that  both  strength  and  life  depend  on  the  fiber  volume 
content  more  tlian  anything  else.  Thus,  the  strength-life  relationship 
seems  to  be  via  the  fiber  volume  content. 

5.  Extensive  delamination  occurs  before  the  final  failure  if  the 
fatigue  stress  is  too  high,  say  0.925  X,  or  too  low,  say  0.70  X.  At 

a  moderate  fatigue  stress  of  0.80  X,  the  amount  of  delamination 
increases  with  fatigue  life:  the  transition  from  a  static  failure 
mode  to  a  typical  fatigue  failure  mode  occurs  around  20,000  cycles. 

Thus,  the  lack  of  delamination  after  the  final  failure  can  be  taken 
as  a  sign  of  an  early  failure  at  the  fatigue  stress  of  0.80  X. 

6.  There  is  no  correlation  between  the  failure  location  and  the 
corresponding  strength  and  fatigue  life.  The  effect  of  gripping  is 
therefore  negligible. 

7.  The  failure  processes  in  the  present  laminate  are  similar  to 
those  in  quasi-isotropic  laminates.  The  constituent  plies  fail  in 
the  following  order:  the  90-deg  plies,  the  4S-deg  plies,  and  the 
-45-deg  plies.  In  static  tension,  delamination  is  negligible.  However, 
the  final  fatigue  failure  is  frequently  preceded  by  extensive  delamination. 
A  delamination  surface  typically  consists  of  two  distinct  areas:  one 
shiny  and  the  other  dull.  The  shiny  area  has  bare  fibers  on  the  surface 
while  the  dull  area  only  has  traces  of  fibers  in  the  epoxy.  Almost  no 
fibers  in  the  0-deg  plies  are  broken  at  distances  away  from  the  final 
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failure  location.  Therefore,  the  final  failure  seems  to  be  the 
result  of  localized  fracture  of  the  0-deg  plies, 

8.  The  narrow  specimen  width,  12  mm  compared  to  25.4  mm, 
results  in  a  higher  strength. 

It  cannot  be  overly  emphasized  that  the  foregoing  conclusions 
are  based  only  on  the  present  study  of  a  particular  laminate. 

Some  of  these  conclusions  are  in  a  slight  contrast  to  the  findings 
of  other  investigators  on  different  laminates.  The  elucidation  of 
reasons  for  such  differences  no  doubt  requires  further  effort  in  the 
area  of  fatigue  behavior  and  proof  testing  of  composite  laminates. 
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APPENDIX  A.  STATIC  STRENGTHS 


Panel  10 


Specimen 

No. 

Failure 

Zone 

Static 

Strength, 

MPa 

Ultimate 
Strain , 
mm/m 

Modulus, 

GPa 

lO-A-2 

B 

829.16 

12.58 

60.81 

lO-A-3 

C 

856.74 

11.44 

74.39 

10- A- 4 

E 

712.78 

10.22 

70.46 

lO-A-5 

E 

826.27 

11.34 

70.74 

lO-A-6 

D 

324.41 

12.16 

68.95 

10-B-l 

A 

835.09 

12.42 

65.43 

!  lO-B-2 

B 

802.76 

11.08 

76.12 

lO-B-3 

B 

806.41 

10.64 

69.71 

lO-B-4 

E 

857.57 

11.94 

66.12 

lO-B-5 

A 

788.48 

10.54 

69.22 

lO-B-7 

E 

704.99 

9.50 

61.43 

lO-B-8 

A 

726.09 

10.54 

64.05 

lO-B-9 

E 

754.84 

10.76 

69.77 

lO-B-10 

D 

730.57 

10.20 

68.88 

10-B-ll 

D 

864.53 

11.16 

75.43 

lO-B-21 

C 

775.80 

11.20 

69.29 

lO-B-22 

E 

796.48 

12.10 

65.64 

lO-B-25 

A 

787.38 

11.60 

67.91 

lO-B-24 

A 

773.18 

11.30 

68.40 

lO-E-2 

E 

739.95 

11.72 

64.40 

Average  X 

789.67 

11.24 

68.  36 

S.  D.^ 

49.29 

0.81 

4.12 

C.  V.*’ 

6.24% 

7.21% 

6.05% 

Standard  deviation 
Coefficient  of  variation 
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Panel  11 


Specimen 

No. 

Failure 

Zone 

Static 

Strength 

MPa 

Ultimate 

Strain, 

nm/m 

Modulus  > 
GPa 

ll-B-2 

D 

638.44 

a 

ll-B-3 

C 

570.50 

- 

ll-B-4 

A 

580.61 

- 

ll-B-5 

E 

663.76 

10.54 

59.21 

ll-B-6 

A 

700.78 

11.92 

62.08 

ll-B-7 

D 

608.10 

9.88 

57.67 

ll-B-8 

E 

620.92 

9.42 

58.77 

ll-B-9 

E 

563.58 

9.86 

53.57 

11-B-lO 

E 

608.44 

9.96 

57.24 

11-E-l 

Tab 

552.24 

10.60 

53.01 

ll-E-2 

C 

594.53 

11.40 

55.37 

ll-E-3 

D 

609.20 

11.30 

56.93 

ll-E-4 

A 

649.12 

10.60 

58.10 

ll-D-5 

C 

559.95 

9.75 

60.65 

ll-E-6 

E 

657.30 

12.10 

57.89 

ll-E-7 

E 

564.92 

11.05 

53.99 

ll-E-8 

B 

626.29 

10.05 

58,70 

ll-E-9 

Tab 

538.01 

10.05 

53.52 

11-E-lO 

B 

663.73 

12.30 

59.39 

11-E-ll 

A 

610.97 

11.35 

56.97 

Average  X 

609.09 

10.71 

57.23 

S.  D. 

44.06 

0.89 

2.60 

C.  V, 

7.23% 

S.33% 

4.54% 

iiiMl 
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Panel  A 


specimen 

No. 

Failure 

Zone 

Static 

Strength, 

MPa 

Ultimate 

Strain, 

mra/m 

Modulus , 
GPa 

A-a-1 

C 

793.16 

70.06 

A-a-2 

D 

741.09 

67.49 

A- a- 3 

C 

819.28 

72.25 

A-a-4 

A 

768.74 

BtSH 

68.11 

A- a- 5 

D 

807,34 

75.48 

A-a*6 

E 

749 . 29 

69.77 

A- a -7 

E 

739 . 80 

63.02 

A-a-8 

A 

805. 9S 

71.57 

A- a- 9 

B 

823.03 

■iSH 

71.32 

A-a-10 

C 

802.40 

63.48 

A-a-11 

E 

754.06 

64,12 

A-a-12 

A 

838.22 

12.10 

69.27 

A-a-l3 

A 

785.08 

10.86 

72.29 

A-a-l4 

D 

737.57 

10.54 

70.02 

A-a-15 

B 

803.58 

11.32 

70.99 

A- a- 16 

C 

870.68 

12.31 

70.71 

A-a-17 

A 

703.66 

10.31 

68.25 

A-a-18 

C 

794.88 

11.54 

68.91 

A-a-19 

E 

833.60 

11.50 

72,48 

A-a-20 

C 

790,50 

10.51 

75.21 

Average  X 

788,11 

11.32 

69.74 

S.  D. 

41.06 

0.61 

3.39 

C.  V, 

5.21% 

5.43% 

4.86% 

s 


Panel  10 

S/X  =  0.8'',  a  /X  =  0.80 


r 


Specimen 

No. 


lO-E-19 
lO-E-20 
lO-E-21 
lO-E-22 
lO-E-24 
,  10-F-l 
lO-F-2 
10-F~5 
lO-F-4 
lO-F-5 
lO-F-6 
lO-F-7 
lO-F-8 
lO-F-9 
10-F-lO 
10-F-U 
lO-F-12 
lO-F-13 
lO-F-14 
10‘F-15 


Failure 

Zone 

Fatigue  Cycles 

N 

8 

154,852 

B 

427,694 

B 

544,957 

E 

15,164 

c 

131,866 

B 

77 ,264 

B 

158,276 

B 

31,756 

C 

87,562 

C 

1,806 

E 

A 

17,538 

E 

95,950 

B 

686,010 

D 

131,684 

A 

319,141 

E 

12,487 

r. 

95.396 

A 

369,537 

c 

158,821 

Modulus , 
GPa 


69.  S7 
69.16 
70.65 
64.95 
67.73 
65.84 

68.33 
65.80 
66.28 
64.05 
66.24 
64.83 

66.34 
71.85 
67.64 
69.73 
64.20 
66.11 
70.00 
69.11 


6 


Panel  12 


S/X  =  0.87,  a  /X  =  0.87 
P 


Specimen 

No . 

Failure 

Zone 

Fatigue  Cycles 

N 

Modulus , 

GPa 

12-D-9 

B 

40,031 

69.55 

12-D-lO 

C 

64,168 

69.79 

12-D-ll 

D 

49,311 

69.13 

12-D-12 

r 

196,202 

72.95 

12-D-13 

c 

167,924 

72.22 

12-D-14 

A 

80,343 

70.76 

12-D-15 

D 

46,792 

69.54 

12-D-16 

E 

17,854 

64.85 

12-D-17 

E 

54,852 

70.15 

12-D-18 

C 

31,420 

70.05 

12-D-19 

D 

10,252 

66.80 

12-D-20 

B 

380,722 

74.18 

12-D-21 

E 

98,712 

72.06 

12-D-22 

D 

350 

64.83 

12-D-25 

D 

19,252 

67.97 

12-D-24 

E 

6,053 

65.92 

12-D-25 

D 

25,218 

66.30 

12-D-26 

D 

24,794 

67.85 

12-D-27 

D 

28,647 

68.71 

12-D-28 

- - -  1 

C 

2,967 

65.16 

Panel  A 


S/X  =  0.925,  Op/X  =  0.925 


Specimen 

No. 

Failure 

Zone 

Fatigue  Cycles 

N 

Modulus , 

GPa 

A-a-21 

C 

74,501 

72.43 

A- a- 2 2 

A 

15,711 

70.94 

A- a- 23 

D 

162,317 

75.15 

A- a- 24 

B 

7,428 

68.51 

A-a-25 

B 

98,731 

73.00 

A- a- 26 

A 

84,056 

72.26 

A- a- 27 

E 

11,347 

69.53 

A-a-28 

E 

1,979 

6b .  6 ! 

A- a- 29 

A 

_a 

64.20 

A-a-30 

A 

2,826 

66.51 

A-a- 31 

C 

64,847 

72.19 

A- a- 32 

B 

350 

65.33 

A-a-33 

A 

_a 

71.06 

A-a- 34 

E 

47,165 

71.71 

A- a- 35 

D 

37,112 

71.47 

A- a- 36 

D 

126,091 

ll.lb 

A-a- 37 

A 

854 

65.68 

A- a- 38 

D 

29,709 

70.91 

A-a- 39 

B 

148,573 

72.80 

A-a-40 

B 

3,346 

67.13 

a 


Failure  during  jiroof 


test 


APPENDIX  C.  STRENGTHS  AFTER  PROOF  TEST 


Panel  10 

a  /X  =  0.87 
P 


Specimen 

No. 

Failure 

Zone 

Residual  Strength 

MPa 

lO-B-23 

E 

716.37 

lO-B-17 

B 

730.17 

lO-C-8 

C 

751.74 

lO-C-6 

D 

753.73 

lO-E-15 

A 

761.94 

10-C-l 

B 

764.42 

in-B-21 

B 

769.66 

lO-C-4 

A 

782.28 

lO-C-12 

E 

789.86 

lO-C-5 

C 

790.90 

lO-B-16 

D 

793.17 

10-C*11 

D 

798.21 

lO-E-16 

D 

803.58 

lO-C-9 

A 

806.48 

lO-C-3 

C 

808.20 

10-B15 

A 

811.24 

lO-C-7 

B 

814.41 

lO-E-14 

E 

818.34 

lO-C-2 

E 

827.03 

lO-B-18 

Tab 

845.16 
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Panel  10 

o  /X  =  0.95 
P 


Specimen 

No. 

— 

Failure 

Zone 

— 

Residual  Strength 

MPa 

10-D-ll 

0 

754.56 

lO-E-ll 

B 

755.73 

lQ-D-10 

A 

764.28 

lO-D-16 

C 

766.70 

lO-D-12 

E 

769 . 45 

lO-E-6 

C 

772.21 

lO-E-7 

D 

786.69 

lO-E-13 

E 

803.17 

lO-D-5 

Tab 

812.82 

lO-D-18 

B 

813.24 

lO-E-12 

E 

814.41 

lO-D-6 

C 

819.03 

lO-D-15 

C 

821.37 

lO-D-19 

C 

821.86 

lO-D-14 

E 

823.78 

lO-D-13 

D 

823.99 

lO-D-17 

E 

835.30 

lO-D-7 

B 

855.29 
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APPENDIX  D.  FATIGUE  LIVES  AFTER  PROOF  TEST 


Panel  11 


S/X  =  0.70,  CTp/X  =  0.87 


Specimen 

No. 

Failure 

Zone 

Fatigue  Cycles 

N 

Modulus 

GPa 

11-C-ll 

D 

841,398 

56.96 

ll-C-12 

1,000,000 

59.72 

ll-C-13 

c 

717,752 

56.30 

ll-C-14 

E 

752,264 

50.77 

H-C-15 

B 

735,134 

58.00 

ll-C-16 

A 

483,396 

54.95 

ll-C-17 

E 

409.216 

55.49 

ll-C-18 

B 

498,211 

55.75 

n-c-i9 

C 

327,678 

53.81 

ll-C-20 

.a 

1,000,000 

57.65 

ll-C-21 

A 

341,233 

54.70 

ll-C-22 

B 

607,508 

55.86 

11-D-l 

E 

614,414 

57.10 

ll-D-2 

1,000,000 

61.76 

ll-D-3 

Tab 

_b 

51.31 

ll-D-4 

C 

173,427 

52.91 

11-D-S 

9 

231,216 

55.68 

ll-C-8 

D 

558,962 

55.65 

ll-F-4 

D 

428,910 

55.18 

ll-F-5 

F. 

923,671 

57.63 

Run-out 


Failure  during  proof  test 


Panel  11 


S/X  =  0.70,  Op/X  =  0,95 


Specimen 

No. 

Failure 

Zone 

Fatigue  Cycles 

N 

Modulus 

GPa 

ll-D-9 

E 

511,179 

57.25 

11-U-lO 

D 

904,845 

c 

11-D-ll 

A 

271,562 

54.26 

ll-D-12 

D 

247,880 

54.85 

ll-D-13 

1,000,000, 

58.77 

ll-D-14 

D 

54.22 

ll-D-15 

C 

211,287 

53.32 

ll-D-16 

A 

510,605 

57.14 

ll-D-17 

_a 

1,000,000 

59.46 

ll-D-18 

E 

365,371 

56.25 

ll-D-19 

E 

_b 

51.55 

H-D-20 

C 

811,423 

58.61 

ll-D-21 

6 

.b 

52.19 

ll-D-22 

1,000,000 

58.48 

ll-D-26 

_a 

1,000,000 

58.70 

ll-D-27 

D 

663.092 

57.66 

ll-D-28 

D 

,b 

51.83 

11-F-l 

_a 

1,000,000 

60.34 

ll-F-2 

Tab 

_b 

52.34 

I  ll-F-3 

E 

448,621 

56.42 

^un-out 

^Failure  during  proof  test 

Q 

Extensometer  slipped 
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Panel  10 

S/X  =  0.80,  Op/X  =  0.87 


Specimen 

No. 

Failure 

Zone 

Fatigue  Cycles 

N 

Modulus , 

GPa 

lO-F-16 

Tab 

12,656 

65.65 

lO-F-17 

F 

146.895 

69.82 

lO-F-18 

C 

7,775 

64.96 

lO-F-19 

t . 

511.676 

71.49 

lO-F-20 

B 

16,859 

66.80 

lO-F-21 

D 

352,311 

69.96 

lO-F-22 

C 

382,078 

71.16 

lO-F-23 

C 

_a 

62.20 

lO-F-24 

E 

12,045 

65.76 

lO-F-25 

E 

4,784 

63.79 

10-G-l 

D 

712,211 

72.24 

lO-G-2 

D 

32,734 

67.82 

lO-G-3 

B 

67,993 

68.96 

lO-G-4 

C 

421,184 

70.55 

lO-A-11 

C 

21,966 

67.45 

lO-A-12 

B 

26,983 

68.89 

lO-A-13 

B 

48,856 

68.14 

lO-A-14 

C 

98,703 

69.12 

lO-A-15 

C 

8,509 

64.31 

lO-A-16 

C 

370,174 

70.25 

lO-A-17 

B 

164,644 

68.18 

Failure  during  proof  test 
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Panel  10 


S/X  =  0.80,  a  /X  =  0.95 
P 


Specimen 

No . 

Failure 

Zone 

— 

Fatigue  Cycles 

N 

Modulus 

GPa 

lO-G-5 

B 

389,428 

68.57 

lO-G-6 

C 

315,835 

67.71 

lO-G-7 

E 

66.30 

lO-G-8 

C 

69,413 

65.57 

lO-G-9 

C 

37,071 

65.80 

lO-G-10 

A 

197,566 

66.98 

lO-G-11 

B 

.a 

64.13 

lO-G-12 

B 

120,159 

64.35 

lO-G-13 

B 

29,936 

64.95 

lO-G-14 

C 

339,657 

73.02 

lO-G-15 

A 

117,738 

66.10 

lO-G-16 

D 

62,870 

66.15 

lO-G-17 

C 

_a 

60.37, 

lO-G-18 

B 

.3 

_b 

lO-H-5 

D 

211,033 

67.46 

lO-H-6 

B 

512,130 

70,65 

lO-H-7 

D 

633,226 

70.00 

lO-G-19 

E 

459,980 

69.45 

lO-G-20 

A 

27,740 

63.78 

lO-G-21 

D 

_a 

63.38 

Failure  during  proof  test 
^Extensometer  slipped 
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